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Abstract: Meiotic recombination is initiated by the induction of programmed DNA double 
strand breaks (DSBs). DSB repair promotes homologous interactions and pairing and leads 
to the formation of crossovers (COs), which are required for the proper reductional 
segregation at the first meiotic division. In mammals, several hundred DSBs are generated 
at the beginning of meiotic prophase by the catalytic activity of SPOl 1. Currently it is not 
well understood how the frequency and timing of DSB formation and their localization are 
regulated. Several approaches in humans and mice have provided an extensive description 
of the localization of initiation events based on CO mapping, leading to the identification 
and characterization of preferred sites (hotspots) of initiation. This review presents the 
current knowledge about the proteins known to be involved in this process, the sites where 
initiation takes place, and the factors that control hotspot localization. 
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1. Introduction 

Meiosis is an essential process whereby the number of chromosomes of diploid germ cells is halved 
during sexual reproduction. The production of haploid gametes from a diploid germ cell requires one 
round of DNA replication coupled with two successive nuclear divisions. During the first reductional 
division, which is a unique feature of meiosis, homologous chromosomes separate, and during the 
second equational division sister chromosomes are segregated. The faithful segregation of homologous 
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chromosomes (homologs) requires specialized mechanisms to connect them, thereby, ensuring their 
correct orientation at metaphase I and their subsequent migration to opposite spindle poles. Meiotic 
recombination establishes these physical connections by forming crossovers (COs), which are 
reciprocal exchanges of genetic material between homologs [1]. Lack of recombination affects the 
accurate segregation of homologs with fatal consequences for gamete formation. Thus, failure to 
precisely regulate the frequency or the position of COs can cause zygotic lethality or aneuploidy, 
which can lead to congenital birth defects such as Down syndrome [2]. 

The molecular mechanism of meiotic recombination has been investigated in great detail in 
Saccharomyces cerevisiae and Schizosaccharomyces pombe [3,4] and most of its features are 
conserved in higher eukaryotes as well [5]. Meiotic recombination is initiated by the induction of 
programmed DNA double-strand breaks (DSBs). Spoil catalyzes DSB formation via a DNA 
Topoisomerase II-like reaction to generate a protein-DNA intermediate in which Spoil is covalently 
bound to the DNA 5' terminus through a phospho-tyrosine bond [6,7]. Spoil is then removed by 
endonucleolytic cleavage that generates short Spoil-bound oligonucleotides [8]. The DNA 5' ends are 
then processed to produce 3' single stranded overhangs on either side of the break. One protruding 3' 
end searches for regions of homology and forms a displacement loop by invading an unbroken 
non-sister homologous chromatid in a RAD51- and DMC1 -dependent process called strand 
invasion [9,10]. Then, the invading 3' end provides a template for DNA synthesis and DSBs can be 
repaired by either synthesis-dependent strand annealing or DSB repair, leading to the formation of 
non-crossover (NCO) or CO products, respectively [11] (Figure 1). The formation of at least one 
"obligatory" CO between each homolog pair is required for proper reductional segregation. Therefore, 
mechanisms involved in the regulation of DSB formation and repair may, by and large, govern CO 
formation. How this regulation controls the precise number of COs is not yet understood [12]. 

One major open challenge concerning the initiation of meiotic recombination is to understand the 
biochemical mechanisms involved in DSB formation and the function of the proteins that act in 
concert with SPOll to promote DSB formation. A second equally important issue is to figure out how 
initiation sites are selected. In this review, we will focus on the recent discoveries that have provided 
new insights into our understanding of meiotic recombination initiation in mammals and we will 
discuss the possible mechanisms of how initiation sites are chosen in the genome. 

2. Initiation of Meiotic Recombination by DSB in Mammals 

Meiotic recombination is initiated by the induction of DSBs soon after the meiotic S phase, at 
leptonema, the beginning of prophase I. DSB repair takes place during the following stages (zygonema 
and pachynema) and is completed before diplonema and diakinesis, when homologs are connected by 
chiasmata (Figure 1). These steps occur at different developmental stages in male and female germ 
cells in mammals [13]. In females, the entire pool of oogonial cells enters meiosis synchronously 
during embryonic development. All recombination steps are completed before birth and oocytes are 
arrested at the dictyate stage. By contrast, in males, a first pool of spermatogonia enters meiosis after 
birth and proceeds to prophase I, from day 10 (leptonema) to day 19 (diplonema) in mice. Then, they 
differentiate into haploid cells during the second meiotic division and during spermiogenesis to 
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produce mature sperm. Additional waves of meiotic differentiation of spermatogonia occur during the 
whole reproductive life. 

Figure 1. The molecular mechanism of crossovers (COs) and non-crossovers (NCOs) 
formation by double-strand breaks (DSB) repair: DSB formation occurs at the leptotene 
stage and requires SPOll, MEM and MEI1. DSB repair proceeds until the end of 
pachytene when recombinant products, either CO or NCO are formed. Black and white 
spheres represent polymorphisms. Meiotic stages reproduced from [14] with permission. 
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Direct molecular evidence of the initiation of meiotic recombination by DSB was first obtained in 
S. cerevisiae [15] and various approaches in S. cerevisiae and S. pombe have provided a genome- wide 
map of meiotic DSBs [16-18], although it remains to be understood how the DSB sites are selected in 
the genome. The direct evidence of meiosis-specific DSBs in mammals is technically more 
challenging than in yeast because of the heterogeneity of cells in gonads and the greater genome 
complexity. DNA breaks, but not necessarily only meiotic DSBs, were detected in mouse 
spermatocytes by PCR assay or in situ labeling of testis sections [19,20]. Indirect evidence of DSB 
formation is suggested by the high level of phosphorylation at serine 139 of the histone variant H2AX 
(referred as yH2AX) that is known to mark DSBs and also some other DNA lesions [21]. yH2AX is 
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detected at leptonema and less strongly at the zygotene stage of prophase I in oocytes and 
spermatocytes. In mice, H2AX phosphorylation is SPO 11 -dependent and therefore is a convincing 
mark of meiotic DSB formation [22]. Furthermore, Scott Keeney's lab showed the presence of SPOll 
protein-DNA covalent complexes in mouse spermatocytes [8] and further consolidated the evidence 
for the conserved role of SPOl 1 in DSB formation. 

3. Proteins Required for Initiation 

3.1. SPOll: A Universal Catalytic Inducer of Meiotic DSBs 

SPOll is an evolutionary conserved meiotic protein present in most eukaryotic genomes [23]. The 
catalytic role of SPOll in meiotic DSB was recognized because of the significant homology detected 
between Spoil and the A subunit of Topoisomerase VI (Topo VI) ([6] reviewed in [24]) and from the 
identification of Spoll-DNA covalent complexes in S. cerevisiae [7]. Indeed, mechanistic models 
driven from structural studies of Topo VI have been instrumental in outlining the basic mechanisms of 
the DNA cleavage activity of SPOll [25-28]. SPOll has a catalytic tyrosine-containing domain, 
which is called the winged-helix DNA -binding domain (WHD), and a Topoisomerase/Primase 
(TOPRTM) domain, which harbors acidic residues needed to coordinate the binding of a magnesium 
ion. Although in vitro biochemical evidence for SPOl 1 catalytic activity is still lacking, a model of the 
mechanism of DNA cleavage by SPOl 1 has been proposed and reviewed in details elsewhere [29]. 

Figure 2. Spoll/TopoVI A orthologs: Alignment of the A^-terminal region of Topo VIA 
and Spoil orthologs, up to the conserved catalytic tyrosine. The two helixes of the 
Topo VIA subunit at the A-B subunit interface are underlined. Alignment provided by 
J. Berger, UC Berkeley. 
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Mammalian SPOll orthologs were identified about a decade ago based on significant homology 
between mouse EST cDNAs and S. cerevisiae Spoil (Figure 2). Northern blot analysis revealed that 
mouse and human SPOll are highly expressed in testis [30-33]. These results were confirmed by 
extensive RT-PCR assays in which the full-length open reading frame of Spoil was amplified from 
mouse and human testes [30,32]. In addition, transcripts that corresponded to SPOll ESTs of the 
TOPRIM domain could be detected in mouse and human thymus [32]; however, the SPOll protein, if 
present, is not involved in the specialized recombination events occurring in these cells since Spoll~ f ~ 
mice have normal immunoglobulin class switching and somatic hypermutation [34]. RT-PCR products 
for the incomplete sequence of human SPOll were also observed in several types of cancer cells from 
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prostate, colon and ovarian carcinomas [32] and SPOll is a known cancer testis antigen [35]. The 
temporal variation of Spoil expression was examined in the mouse during the first wave of 
spermatogenesis. Spoil was detected as early as day 7 after birth by RT-PCR analysis [30]. By 
Northern blotting, weak Spoil expression was observed at day 12 when DSBs are formed and 
increased levels of expression were recorded from day 17 onwards at pachytene/diplotene stage [33]. 
Specifically, high steady-state levels of Spoil were observed in pachytene spermatocytes and low 
levels in leptotene/zygotene spermatocytes as well as in round spermatids [33]. The developmentally 
regulated expression of Spollin mouse testis was confirmed by in situ hybridization experiments in 
which Spoil transcripts were strongly detected in pachytene/diplotene spermatocytes and a weaker 
signal was detected in zygotene cells, secondary spermatocytes and round spermatids [30]. Spoil 
mRNA was also detected in female germ cells by in situ hybridization [30] and in embryonic ovaries 
by RT-PCR [32]. Finally, immunofluorescence studies on surface-spread spermatocyte nuclei 
localized SPOll as chromatin foci in leptotene and in a discontinuous pattern in the region of 
homologous synapsis during zygotene and pachytene [36]. This localization of SPOll on the synapsed 
chromosome axis could not be reproduced with other antibodies [37] and thus needs to be confirmed. 

Human and mouse Spoil cover 14.0 Kb of DNA, contain 13 exons and encode several alternative 
splice variants. Variation of 38 amino acids in exon 2 (isoforms with or without this exon are called 
beta and alpha respectively) and of four amino acids in exon 8 in both mouse and human 
Spoil [30,32] as well as a 13 amino acid insertion before exon 5 in mouse Spoil [31] and an 1 1 amino 
acid insertion at exon 8 in human Spoil have been described to produce several isoforms [32]. The 
functions of these isoforms are yet unknown, however, expression of Spollfi and Spolla have been 
compared by quantitative PCR amplification in different types of testicular cells and in juvenile mice 
testes, where spermatocytes enter meiosis synchronously [38]. Spoil [3 is predominantly expressed in 
early spermatocytes, while Spolla transcripts accumulate during late prophase I from mid-pachynema. 
The relatively late expression of Spolla has been confirmed by the quantitative analysis of mouse 
mutants (Atm~'~ ", Hop2~ / ~ and Dmci~ /_ ) that show spermatogenesis arrest at the mid-pachytene 
checkpoint and in which Spolla is barely detectable [38]. Since SPOll is present at low levels in 
mouse in testes, it can only be detected after immunoprecipitation followed by western blotting. Using 
such assays, the differential expression of SPOlla and P is consistent with the kinetics of Spoil 
isoforms transcripts in either wild type or mutant mice testes where spermatogenesis arrests at 
different stages [8,38]. SPOll can be found covalently linked to 5' ends of DNA with a free 3' 
hydroxyl end in extracts from mouse testis [8]. In these complexes the DNA fragment linked to SPOl 1 
is a short oligonucleotide, a feature that has important implications for the mechanism of SPOll 
removal and the maturation of the DSB ends. Interestingly, these SPOl 1 -oligonucleotide complexes 
appear to have a molecular weight compatible with the presence of Spoil [3 and are readily detected in 
Dmcl 1 ' testes where SPOlla is significantly reduced [8]. These observations support the hypothesis 
of distinct roles for these two SPOll variants during meiosis and favor a role for SPOl 1(3 in 
generating DSBs, whereas SPOlla may have some other unknown function at mid-pachytene. 
Alternatively, SPOlla may have no specific function by itself or be a negative regulator of SPOlip. 
For instance, SPOlla could suppress SPOll catalytic activity by dimerizing with SPOl 1(3. It is 
interesting to note that exon 2, which is present only in SPOl 1(3, overlaps with the predicted region of 
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interaction between the TopoVI A and B subunits (Figure 2) [25,27]. However, no ortholog of the 
TopoVI B subunit has been identified in mammals. 

Disruption of Spoil by removal of exon 4 to 6 (including the predicted catalytic tyrosine in exon 5) 
in the mouse causes male and female infertility [36,39]. Testes from SpolF 1 ' mice are smaller and 
histological analysis (see Figure 3 for a similar phenotype) reveals that spermatogenesis is arrested at a 
stage corresponding to mid-pachynema [40] and spermatocytes are eliminated by apoptosis. No 
haploid cells are formed. In Spoil' 1 ' females, a reduced (about 2-fold lower) number of oocytes 
complete prophase I by progressing to diplotene/dictate stage, but these mice display premature 
ovarian failure because of massive elimination of oocytes after birth. Comparison of oocyte loss in 
mutant mice that are deficient in either DSB formation {Spoil''') or repair (e.g., Dmcl~'~ ', Attn''') 
indicates that a significant fraction of Spoil '' oocytes can survive after diplotene, whereas oocytes in 
which DSB repair is defective are aborted before or at dictyate arrest [41]. Hence, phenotypic 
differences can occur in the DNA damage-independent and -dependent responses to meiotic 
recombination defects in females. 

The molecular defects due to Spoil inactivation in mice were assessed on surface-spread 
chromosomes of meiocytes by immunostaining with antibodies against proteins that are specific for 
DNA damage (yH2AX), DSB repair (RAD5 1 , DMC1), axis structure (SYCP3) and synapsis (SYCP1) 
(see Figure 4 for a similar phenotype). In wild type mice, during meiosis, SPOl 1 -generated DSBs 
trigger ATM-dependent phosphorylation of H2AX at leptonema. Once DSBs sites are processed, 
RAD51 and DMC1 are loaded to repair DSBs and to initiate synapsis formation between homologous 
chromosomes. The total number of DSBs is estimated at 250-500 based on the number of RAD51 and 
DMC1 foci. A lack of meiotic DSBs in Spoil''' spermatocytes was deduced from the absence or the 
severely reduced level of yH2AX that marks chromatin during leptotene [22,42]. The residual yH2AX 
in leptotene Spoil''' spermatocytes is thought to derive from DNA lesions that occur in a 
SPOl 1 -independent fashion at or before leptonema. Conversely, some zygotene-like Spoil'' 
spermatocytes accumulate yH2AX in sub-nuclear regions to form a structure called pseudo-sex 
body [40]. The precise mechanism of pseudo-sex body formation is unknown, but it shares some 
similarity with that of the sex body that normally covers the X and Y chromosomes in wild type mice, 
as it involves the presence of BRCA1 and ATR on unsynapsed chromosome axes [43]. The absence of 
RAD51/DMC1 foci in Spoil '' meiocytes further indicates a defect in meiotic DSB formation. 
Moreover, a molecular assay to detect recombinant molecules at Psmb9, a mouse recombination 
hotspot, showed that in Spoil '' ovaries COs and NCOs are not formed [44]. The absence of SPOll 
also results in synapsis defects with the presence of univalents (i.e., unpaired chromosomes) or 
partially synapsed non-homologous chromosomes [36,39]. These synapsis defects make it difficult to 
estimate the exact stage of meiotic arrest in Spoil '' spermatocytes. Therefore, the expression of Hit, 
a testis- specific histone HI variant, and of XMR, a member of the X-linked multigene family, has been 
used to determine meiotic progression in Spoil''' spermatocytes. Hit replaces somatic HI at 
mid-pachytene [45], while XMR shows dispersed staining at leptotene and later becomes associated 
with unsynapsed regions of the X and Y chromosomes in sex bodies [46]. Hit and XMR expression 
indicate that mutant spermatocytes reach a developmental stage similar to mid-pachytene [40]. 
Another interesting phenotype observed in Spoil''' mice is the enrichment in cells at the bouquet 
stage, when telomeres cluster in a region of the nuclear periphery at the leptotene/zygotene transition, 
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suggesting that the absence of meiotic DSBs may affect chromosome dynamics [47]. Defective DSB 
formation and lack of synapsis are partially rescued by treatment with cisplatin, a drug that generates 
DNA lesions in the genome [36]. The catalytic role of the conserved tyrosine in mouse Spoil was 
demonstrated by the observation that the defects in DSB formation and synapsis in Spoil ' 
mice are similar to those of Spoil 1 ' mutants [48]. SPOll activity seems also to be important for 
ATM-mediated functions, as Spoil* Atm spermatocytes overcome the mid-prophase arrest due to 
ATM deficiency [49] and progress to metaphase I. This rescue, which may be due to a lower level of 
meiotic DSBs in Spoil* 1 ' compared to Spoll +l+ , is milder in females [50]. Altogether, evidence 
presented here strongly corroborates the conserved catalytic role of mouse SPOll in meiotic 
DSB formation. 



Figure 3. Gametogenesis arrest due to the absence of meiotic DSBs. Similar phenotypes 
are observed in Spoil , Mei4~'~ and Meil~ / % . Spermatogenesis in wild-type (A) and 
Mei4~ f ~ (B) mice at 8 weeks after birth. Oogenesis in wild-type (C, E) and in Mei~'~ (D, F) 
mice at 2 and 8 weeks after birth. Paraffin sections of paraformaldehyde-fixed tissues were 
stained with hematoxylin and eosin. *: Empty tubules; Ap-S: Apoptotic spermatocytes; 
PF: Primordial follicles. 
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Figure 4. Monitoring DSB formation in spermatocyte spreads: Chromosome axes are 
visualized by the detection of SYCP3 (green) and DSBs by yH2AX (blue) either in wild 
type (+/+) leptotene (A) and pachytene (B) or Mei~'~ leptotene (C) and zygotene-like 
(D) cells. Similar phenotypes are observed in Spoil and Meil . 



A 

+/+ SYCP3, 


B 

+/+ 

SYCP3, 


C 

SYCP3, 


D 

Mei4' f 

SYCP3. 



3.2. ME/4 a/id REC114: Two Proteins That Are Evolutionary Conserved from Yeast to Mouse 

MEM and REC1 14 were isolated in genetic screens that identified at least ten genes required for the 
formation of meiotic DSBs in S. cerevisiae [51,52]. Biochemical and cytological studies revealed that 
yeast Mei4 and Reel 14 strongly interact and partially co-localize on meiotic chromosomes to form a 
complex that is distinct from the Spoil-complex [53,54]; see [29] for review. The precise functions of 
Mei4 and Reel 14 are unknown. Moreover, because of the high degree of sequence divergence no clear 
ortholog of Mei4 and Reel 14 could be identified outside closely related budding yeast species, except 
for Rec7, which is thought to be the functional ortholog of Reel 14 in S. pombe [55]. Recently, Mei4 
and Reel 14 orthologs in the mouse and other higher eukaryotes have been identified by focusing on 
short stretches of conserved sequences [56]. Primary structural alignments of all the orthologs revealed 
several short regions called signature sequence motifs (SSMs) with highly conserved sequence except 
in a few species such as S. macrospora, D. melanogaster and C. elegans. 
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The putative orthologs of Mei4 and Reel 14 in the mouse are 4930486G11RIK and 2410076I21RIK, 
two proteins with unknown functions. The overall amino acid identity between the mouse orthologs 
and S. cerevisiae Mei4 and Reel 14 is very low (8% and 6%, respectively). Altogether, SSMs only 
represent about one fifth of the whole sequence in both orthologs. Six SSMs at the N- and C-terminus 
are present in the z ortholog and may play a role in protein interaction because of the annotated 
alpha-helical or coiled-coil structures. Conversely, the Recll4 ortholog has six SSMs (1 to 6) at the 
TV-terminus that are predicted to adopt a beta-sheet structure and one SSM (SSM7) at the C-terminus 
that may acquire an alpha-helical form. The significance of the SSMs was recognized from the 
analysis of the interaction between mouse MEM and REC114. Indeed, like in yeast, MEM and 
REC114 strongly interact. Deletion analysis showed that this interaction requires the TV-terminal motif 
(SSM1) but not the C-terminal region of MEM and both TV- and C-terminal regions of REC114. 
Human MEM and REC1 14 also interact as monitored in a yeast two hybrid assays [57]. 

Mei4 and Reel 14 are expressed in testes and embryonic ovaries. Analysis of the steady-state levels 
of Reel 14 and Mei4 transcripts during the first wave of spermatogenesis by quantitative PCR showed 
that their expression peaks between day 10 and 14 after birth, around the time of DSB formation and 
decreases thereafter. Mei4 expression is about 100-fold higher than that of Reel 14, but several-fold 
lower than that of Spoil. The mechanisms that regulate Mei4 and Reel 14 expression are not known; 
however, the presence of an E2F6-binding element (TCCGC) upstream of the Mei4 promoter suggests 
that, like other germ cell specific genes, transcription of Mei4 may be repressed via E2F6 in somatic 
cells [58,59]. MEM has not been detected so far in testis extracts by western blotting, presumably due 
to its low abundance. However, the results of immunofluorescence studies in meiotic cells correlates 
well with the expression of Mei4 at early prophase I. During leptotene and zygotene stages of male and 
female meiosis, MEM forms numerous foci that largely co-localize on chromosome axes and are 
excluded from regions of synapsis. On average the number of MEM foci per nucleus at leptotene is 
-300, some nuclei having more than 500 foci. This number declines to -120 foci per nucleus at 
zygotene and is further reduced at subsequent stages of prophase I. The number of MEM foci is in 
good agreement with the number of DSBs estimated in mouse leptotene nuclei by other means [60]. 
Co-labeling with antibodies against MEM and DMC1 and RPA (DSB repair factors) revealed that 
MEM foci do not co-localize with DMC1 and RPA, which are present at DSB sites. MEM localizes on 
chromosome axes independently of SPOll since MEM foci also accumulate on unsynapsed regions of 
Spoil 1 ' spermatocytes (Figure 5). What determines MEM foci localization is not known. 

The conservation of Mei4 function in DSB formation was demonstrated by analyzing Mei4~'~ mice 
in which exon 2, which harbors the translation initiation codon and the two conserved SSM1 and 
SSM2 motifs, was deleted [56]. Mei4~ / ~ male gonads are smaller and lighter; spermatogenesis is 
arrested at mid-prophase I and spermatocytes are eliminated by apoptosis. Mei4~ h ovaries have a 
normal number of growing follicles at two weeks after birth, but they are all lost in adulthood 
(Figure 3). These phenotypes strongly resemble the ones described in Spoil" mice. Cytological 
analysis of Mei4~'~ spermatocytes and oocytes revealed strong reduction of yH2AX (Figure 4) and 
lack of RAD51, DMC1 and RPA foci, indicating that meiotic DSBs do not form in Mei4~'~ mice. 
Immuno- staining to investigate synaptonemal complex formation in Mei4~'~ meiocytes showed nuclei 
with either unsynapsed chromosomes or partially synapsed non-homologous chromosomes, like in 
Spoll~'~ meiotic cells. Formation of pseudo-sex bodies due to the absence of meiotic DSBs was also 
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observed in a large fraction of Mei4~ ~ zygotene-like spermatocytes. Mei4~ ~ spermatocytes appear to 
progress to mid-pachytene before being eliminated by apotosis as suggested by the detection of the 
Hit variant. MEM may activate SPOl 1 directly or through other partners, thus ensuring that DSBs are 
formed on chromosome axes. MEI4 displacement from chromosome axes after DSB formation may 
provide a means to down-regulate DSB formation. Although the functional role of mouse REC114 in 
DSB formation remains to be elucidated, the interaction between mouse REC114 and MEM suggests 
that PvECl 14 may also be required for meiotic DSB formation. 



Figure 5. MEM (red) localizes as discrete foci along unsynapsed chromosome axes 
(labeled with SYCP3, green) at leptonema (A) and zygotene-like stage (B) in 
Spoil spermatocytes. 




3.3. MEI1: A Protein of Unknown Function 

Mouse Meil (Meiosis Defective 1) was identified in a forward genetic screen that was performed 
with chemically mutagenized mouse embryonic cells to isolate genes involved in mouse fertility [61]. 
Meil~'~ mice, which harbor a frame-shift mutation that produces a truncated Meil mRNA, show 
hypogonadism with decreased gonad weight. Male meiosis is arrested at mid-prophase I, whereas a 
small fraction of Meil~'~ oocytes complete the first meiotic division, but achiasmatic chromosomes do 
not congress to the metaphase spindle equator, thus, leading to abnormal oogenesis due to unequal 
chromosomal segregation [62]. The requirement of MEI1 for the initiation of meiotic recombination 
was demonstrated by cytological analysis of Mei4~ f ~ meiocytes that revealed drastically reduced 
yH2AX at leptotene, lack of RAD51 foci and defective synapsis with small stretches of 
non-homologous synapses. These phenotypes are similar to those of Spoil and Mei4~ / ~ mice and 
are partially rescued by cisplatin-induced DNA damage, indicating that MEI1 is essential for meiotic 
DSB formation [62,63]. Disruption of Meil causes significant enrichment in cells at the bouquet stage, 
similarly to Spoil , suggesting a possible role of meiotic DSB in chromosome dynamics during 
prophase I [47]. Several single nucleotide polymorphisms (SNPs) in the coding region of human MEI1 
have been identified, but no clear association with azoospermia in humans could be detected [64]. 
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Mouse Meil is thought to comprise 31 exons spanning -55 Kb [63]. By northern blotting and 
RT-PCR amplification Meil transcripts were detected in mouse testes as early as five days after birth 
and in embryonic ovaries at E17, but not in adult ovaries, indicating that in females expression is 
restricted to the time of initiation of meiotic recombination [63]. Mouse Meil codes for a protein 
predicted to be 1268 aa long. MEI1 has no apparent homolog in yeast, flies and worms, but orthologs 
of MEI1 have been found in mammals, chicken, zebrafish and recently in plants [63,65]. Mutations in 
AtPRDl (the Arabidopsis thaliana homolog of Meil) cause similar defects in meiotic DSB formation 
to the ones observed in mouse (i.e., absence of early recombination markers such as DMC1 foci) [65]. 
Furthermore, interaction between AtPRDl and AtSPOll-1 was revealed by yeast two-hybrid 
assays [65]. MEI1 orthologs contain putative ARM (Armadillo) domains with predicted similarities 
with Importin. Nonetheless, the biochemical function of MEI1 during meiotic DSB formation remains 
to be determined. 

3.4. WDR61 (Ski8) and MRE1 1/RAD50/NBS1 Are Involved in DSB Formation in S. cerevisiae, but 
Possibly not in Mammals 

In budding yeast, Ski8 localizes to the nucleus during meiosis, associates with meiotic 
chromosomes and promotes meiotic DSB formation by directly interacting with Spoil [66]. The role 
of Ski8 in Spoil activity is conserved in several fungi [67,68], but does not seem to be universal as a 
mutation in the Arabidopsis thaliana Ski8 ortholog does not cause defects in meiotic 
recombination [69]. In mice, WDR61 is the homolog of yeast Ski8, but no interaction between 
WDR61 and SPOl 1 has been reported and its role in meiotic DSB formation has not yet been tested. 

MRE1 1/RAD50/NBS 1 (the MRN complex also known as Mrell/Rad50/Xrs2 in S. cerevisiae) is an 
evolutionary conserved complex that is essential for DSB repair but its role in meiotic DSB formation 
has only been shown in budding yeast [29]. In the mouse, the MRN genes are highly expressed in 
testis [70,71] and the MRN complex is localized in spermatocyte nuclei from the pre-leptotene to 
diplotene stages of prophase I [40,72]. Since the MRN complex is essential for viability in the mouse, 
inactivation of any of the MRN genes causes embryonic lethality, thus preventing further study of 
these mutant mice [73]. Therefore, mice that harbor MRN hypomorphic alleles have been used to 
partly delineate the function of the MRN complex during meiosis and have been reviewed in [74]. 
Hypomorphic Mr ell and Nbsl mice show delayed meiotic progression during prophase I, incomplete 
and aberrant synapsis of homologous chromosomes, persistence of RAD51 foci and alterations in the 
frequency and localization of MLH1 foci, a marker of CO formation [75]. Overall, these studies 
suggest an essential role of the MRN complex in the repair of meiotic DSBs, but not in the generation 
of SPOl 1 -dependent DSBs. 

4. Sites Where Initiation Occurs 

As already mentioned, direct molecular mapping of initiation sites has not been performed in 
mammals. The location and frequency of initiation of meiotic recombination is therefore indirectly 
deduced from the analysis of CO products. Upon DSB repair, exchange points are located next to the 
DSB site and at variable distance depending on how far the recombination intermediate extends. Thus, 
CO mapping provides a good estimate of the localization of initiation sites. CO frequency, even when 
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measured at Kbp resolution, gives only an approximate idea of initiation frequency because DSB 
repair can yield alternative products, such as NCOs or inter-sister recombinants, in proportions that 
may vary in the genome [11] (Figure 1). 

4.1. The Anatomy of a Hotspot 

CO events can be detected by different methods (such as direct molecular assays, pedigree or 
population diversity analysis) and have been shown to take place in discrete regions of the genome 
where initiation occurs preferentially (hotspots) [76-78]. Several hotspots in humans and mice were 
mapped at high resolution by PCR-based assays to detect recombinant molecules or through the 
mapping of recombination events by pedigree analysis. In a few cases, the detection of NCOs 
confirmed the region of initiation both in humans [79-81] and mice [44,82-84]. CO frequency is 
highly variable, ranging from 0.0005 cM to 2 cM. The shape of the best-fit distribution of CO at most 
hotspots is a narrow bell- shaped curve that is best explained by a narrow zone of initiation and limited 
spreading of recombination intermediates from the site of initiation over 1-2 Kb (Figure 6). In a few 
cases, a transmission bias of markers located near the center of the hotspot can be observed and 
inferred to result from differential initiation activities on each homolog both in humans [81,85,86] and 
mice [82,84,87-90]. In such context, the distance between the exchange points of reciprocal CO 
products can be measured and provides an estimate of the average size (between 220 and 540 bp) of 
gene conversion tracts involved in DSB repair. In contrast, NCO gene conversion tracts are much 
shorter, between 20 to 290 bp [80,91]. These data are consistent with the idea that COs and NCOs 
result from two distinct DSB repair pathways, a property largely documented in yeast [4]. In mice, 
functional analysis at one hotspot (Psmb9) indicates that NCO and CO formation occurs through 
different pathways that rely on Spoil (both NCOs and COs) and MLH1/MLH3 (only COs) 
activity [44]. 

4.2. General Hotspot Properties 

Human diversity data based on linkage disequilibrium (LD) analysis [92] has provided a 
genome- wide high resolution map of the predicted historical, sex averaged CO activity [93,94]. 
Several of the features of individual hotspots determined by direct analysis can be applied 
genome-wide. About 25000 LD-based hotspots have been mapped at high resolution (at intervals 
smaller than 5 Kb) in the human genome [94,95] using data from the Phase 2 Hapmap [96] which 
includes genotypes from geographically diverse populations. Overall, hotspots map at 1-2 Kb 
intervals, with variable estimated activities, are spaced by 50-100 Kb (Figure 7) and lie preferentially 
outside genes [94]. This last feature has been reported also for CO events detected by pedigree analysis 
in humans, supporting the conclusion that the findings derived from population diversity data reflect 
the property of recombination to occur outside genes rather than being the consequence of a 
selection effect [97]. 
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Figure 6. CO and NCO frequency and distribution at the mouse A3 hotspot. At this 
hotspot, most COs occur in a 1.5 Kb region with the highest density (cM/Mb) in the center 
around position 1.7 Kb (upper panel), which corresponds to the zone with the highest NCO 
frequency (lower panel). NCO frequencies differ on each homolog (A and D) suggesting a 
difference in initiation activity. Reprinted from Cole et al. [90] with permission. 
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version [94] of the 13-mer motif (see below section 4.3), by triangles. The genes in both 
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60-, 



Recombination rate 
cM Mb ' 



Hotspots & motif 
Genes 



nil ■ 

r-~i rTYY iT> i fYYI 



I II I III III I 

A ▲ 

II "■ 1 I fYl 



rtfM n~ 



I 

38000000 



1 

38500000 



1 

39000000 



1 

39500000 



1 

40000000 



1 

40500000 



Genes 2010, 1 



534 



4.3. Sequence Motifs at Hotspots 

The large number of hotspots identified in the human genome allowed searching for motifs that are 
particularly frequent at hotspots. The most common motif is a degenerate 1 3 -mer sequence 
(CCNCCNTNNCCNC, hereafter called the 13 -mer motif) estimated to be present in 41% of 
hotspots [95] and identified in some experimentally characterized hotspots such as DNA3, DMB2, 
DNA2 and MS32. A direct role for this motif has been proposed with the discovery that it corresponds 
to a high affinity binding site for the human PRDM9 protein (see below). The presence of a less 
degenerate motif (CCTCCCTNNCCAC, the core motif) in unique DNA leads to hotspot activity in 
10% of the cases; however, this frequency increases to 73% when the core motif is associated with the 
LTR of the retrotransposon THE1A. Ten percent of hotspots have a core motif (perfect match) in the 
context of a repeat element (including those from the THE1 family, which are the most common, and 
also L2, AluY, AluSg and AlusX), but only 1.3% of hotspots in unique DNA have this core motif. 
Other motifs, such as the 9-mer CCCCACCCC, have been found to be significantly enriched at 
hotspots, but whether they contribute to hotspot activity is unknown [94]. Although this analysis points 
towards a contribution of the primary DNA sequence to hotspot activity, several experiments indicate 
that other factors, besides the local DNA sequence, also play an important role. For instance, the 
detailed study of the MSTMla and lb hotspots showed variations in their activities that could not be 
explained by polymorphisms within 100 Kb around these hotspots [86]. 

4.4. Chromatin Structure at Hotspots 

The analysis of the chromatin structure and of its modifications at two mouse hotspots (Psmb9 and 
Hlxl ) has provided new clues about the specific features that may define the substrate for the initiation 
machinery [99]. Psmb9 and Hlxl have similar activities (about 1 and 2cM respectively) but they are 
active only in some specific genetic backgrounds [82,84,100,101]. Analysis of chromatin 
modifications, particularly H3K4Me3 (trimethylation of histone H3 at lysine 4), revealed some 
properties shared by both hotspots and correlated with their activity [99]. H3K4Me3 enrichment is 
detected at the center of the hotspots, specifically in strains where the hotspots are active (Figure 8) 
and from chromatin extracted from whole testis or from fractions enriched for spermatocytes at the 
pachytene stage of meiotic prophase (when DSB are being repaired). The implication of H3K4Me3 in 
DSB formation is further supported by the finding that, in strains that show initiation activity at Psmb9 
on only one of the two homologs, H3K4Me3 is enriched only on the active chromosome. In addition, 
H3K4Me3 enrichment can be already detected on chromatin from testis of pre-puberal mice at 9 days 
post partum, when the first wave of meiotic DSB is induced [102], and it is still seen on chromatin 
from Spoil spermatocytes where DSB are not formed. These observations indicate that H3K4Me3 
marks these initiation sites before or at the time of meiotic recombination initiation and subsists during 
prophase progression, whereas bulk H3K4Me3 strongly decreases during prophase [99]. H4Ac5 
(acetylation of H4 at lysine 5) also is enriched at the Psmb9 and Hlxl hotspots. This mark may be 
linked to DSB repair, since H4Ac5 enrichment at the Psmb9 hotspot is significantly reduced in 
Spoil' ~ compared to wild type mice. Interestingly, H3K27Me3 and H3K9Me3, two modifications 
known to be associated with repressed chromatin status, and that have only been tested at the Psmb9 
hotspot, are depleted at the active hotspot. Conversely, the global nucleosome occupancy and 
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chromatin accessibility at the Psmb9 hotspot are not influenced by the activity (or non-activity) of this 
hotspot, as measured by H3 density and micrococcal nuclease sensitivity. This hotspot also does not 
contain a DNAse I hypersensitive site [103]. Complementary studies, to assess nucleosome positioning 
at four other mouse hotspots on chromosome 19, show that, at these hotspots, nucleosomes are well 
positioned and occasionally some domains are depleted in nucleosomes near the center of the hotspots. 
Interestingly this pattern is stable during spermatogenesis from spermatogonia to pachytene [104]. 

Figure 8. H3K4Me3 enrichment and PRDM9 binding sites at the mouse Psmb9 hotspot: 
At the Psmb9 hotspot, which is active in the M. m. molossinus strain R209 but not in the 
M. m. domesticus strain C57BL/6 (B6), COs are clustered in a 1.5 Kb interval as shown by 
the CO frequencies (cM per Kb) in this region. H3K4Me3 (measured at nine positions 
along the hotspot) is enriched in R209 spermatocytes in the center of the hotspot as shown 
by the R209/B6 ratio. A sequence with a partial match to the predicted binding site of the 
mouse PRDM9 wm7 variant, which is present in the R209 strain, is found in the region with 
the highest CO density and with the highest H3K4Me3 enrichment. Bases matching the 
highest score bases from the PRDM9 wm7 predicted motif are underlined. The PRDM9 b 
variant from B6 is predicted to recognize a distinct DNA motif (adapted from [99,105]). 
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4.5. The Role of "Prdm9 in Hotspot Specification 

In a number of cases it has been reported that a given hotspot can show variations in its 
recombination activity among individuals in humans and strains in mice 
[81,82,85,86,89,97,100,106,107]. The conclusion, that at least some of these effects could not be 
accounted for by local differences in DNA sequences, raised the possibility that long distance effects 
or trans-acting factors might be involved in the regulation of hotspot activity. Genetic studies in mice 
showed that a trans-acting factor was indeed involved [100,108] and the gene responsible for this 
effect was proposed to be Prdm9 [99]. The PRDM9 protein (also called MEISETZ) contains a PR/SET 
domain (PRDl-BFl-RIZ/Suvar-Enhancer of Zeste-Trithorax) with histone transferase activity that can 
catalyze the formation of H3K4Me3 on a H3K4Me2 substrate [109] and a DNA binding domain that 
includes a tandem array of C2H2 zinc fingers (Figure 9). Several approaches have provided strong 
evidence that PRDM9 is directly involved in hotspot activity both in mice and humans [105,110,111]. 
In mice, the M. musculus domesticus and M. musculus molossinus strains, which have different Prdm9 
alleles, characterized by polymorphisms at positions encoding residues of the zinc finger array 
involved in interaction with the DNA (zinc finger coordinates -1, +2, +3 and +6), present major 
genome- wide differences in hotspot and recombination activity [105,108]. Using a zinc finger 
database [112], the binding sites for M. m. domesticus and M. m. molossinus PRDM9 can be predicted 
and were found to be markedly different. The binding site for M. m. molossinus PRDM9 is localized at 
the Psmb9 and Hlxl hotspots (Figure 8) that are active specifically in the presence of this allele. 
Strikingly, the predicted DNA binding sites for the two major alleles of human PRDM9 (A and B) 
found in the European population match the 13-mer motif that is enriched at LD-based hotspots [95]. 
The link between Prdm9 genotype and CO position was tested by an association study in Hutterites, a 
population of European ancestry. In this population, a minor Prdm9 allele (allele I, 2%) encodes a 
variant predicted to bind to a sequence that is distinct from the one of the A and B variants and that 
does not match the 13-mer motif. In AA individuals, about 60% of COs fall within LD-based hotspots, 
whereas in AI individuals only about 18% of COs do so. This dramatic change in CO distribution 
(without modification of the genetic map length) indicates that the I allele activates a set of hotspots 
that have left no footprint on genetic diversity. This prediction on binding specificities has been 
validated by in vitro binding assays: the major PRDM9 allele binds with high affinity to a DNA 
sequence containing the 13-mer motif and the conserved bases in this motif are important 
for binding [105]. 

Furthermore, at the DNA2 hotspot, where an imperfect match of the 13-mer motif is found, a 
polymorphism at one degenerated base is correlated with a variation of hotspot activity [85]. Direct 
assays at several hotspots in different individuals showed a strong effect of Prdm9 variations on 
hotspot activity [113]. Significant effects were observed even at hotspots where consensus binding 
sites for PRDM9 could not be identified. On the other hand, some PRDM9 variants with little 
predicted differences in DNA specificity also are associated with significant variations in hotspot 
activity. Some of these effects could be due to additional trans regulators that act (in)dependently from 
PRDM9, or could result from limitations of the predictability of the DNA binding specificity of 
PRDM9 zinc fingers. Indeed, although zinc fingers that recognize most of NNN tri-nucleotides have 
been designed, the prediction of DNA binding for any given zinc finger and, more importantly, for an 
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array of zinc fingers is complex. Changes at positions other than -1 to 6 {i.e., the helix residues that 
interact with the DNA) that may influence affinity as well as cooperation between zinc fingers are not 
well understood. Indeed, although modular assembly can be used to generate candidate zinc fingers for 
a given DNA sequence [114], a tool that has been intensely and successfully exploited for genome 
editing [115], "unknowns" about interactions between zinc fingers complicate the accurate predictions 
of DNA recognition, particularly in zinc fingers arrays [116]. Furthermore, additional factors could 
constrain PRDM9 access to its binding site in the genome (DNA methylation, chromatin structure, 
chromosomal organization). 



Figure 9. The PRDM9 protein: (A) PRDM9 contains several known protein domains: 
KRAB, SSXRD, PR/SET and C2-H2 Zinc fingers. The residue G278 in mouse PRDM9 is 
essential for its methyltransferase activity [109]. The zinc finger array is part of a single 
exon; (B) In each zinc finger, three residues (— 1, 3 and 6) are in contact with the DNA 
(residue 2 plays a minor role and is in contact with the opposite strand). The sequence 
predicted to be recognized by the major variant of human PRDM9 is shown and overlaps 
with the 13-mer motif [95]. 
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4.6. What Fraction of Hotspots Depends on Prdm9? 

The magnitude of the effect of the Prdm9 genotype on CO distribution observed in the Hutterite 
population suggests that Prdm9 plays a major role in hotspot localization and is also compatible with 
the presence of a fraction of /Vdm9-independent hotspots [105]. The important difference in LD-based 
hotspot usage (60% to 18%) between homozygous (AA) and heterozygous (AI) individuals suggests 
that PRDM9 plays a role in more than the 40% of LD-based hotspots in which the 13-mer motif has 
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been identified. As discussed above, due to the potentially complex PRDM9 binding specificity, this 
percentage is likely to be an underestimation of the number of PRDM9-dependent hotspots in humans. 
However, this does not exclude the possibility that, in a minority of hotspots, PRDM9 zinc finger 
specificity or PRDM9 itself is not involved. Indeed, a few hotspots with comparable activities were 
detected in two mouse hybrids that carry different Prdm9 alleles [100]. Additional support for this idea 
comes from the analysis of Prdm9~'~ spermatocytes and oocytes where a significant level of y H2AX 
is detected, indicating that DSBs are formed [109]. In addition, y H2AX appears to accumulate and the 
number of DMC1 foci is reduced suggesting a DSB repair defect in Prdm9~ ~~ '. This could either imply 
that Prdm9 has a (direct or indirect) role in DSB repair, or that this phenotype is an indirect 
consequence of an alteration of initiation events. The comparative analysis of gene expression in 
Prdm9~'~ and wild type mice suggests that Prdm9 may be required for the expression of genes 
involved in DSB repair [117]. However one cannot exclude that the observed effects on gene 
expression could be due to differences in cell composition in Prdm9~'~ and wild type mice. In the 
absence of PRDM9 a fraction of initiation events may not occur at their correct locations and/or at the 
proper frequency, thus leading to altered homologous interactions, DSB repair and/or synapsis. 

4.7. From PRDM9 Binding to DSB Formation: The Model 

PRDM9 molecular role in hotspot specification should thus involve binding of the PRDM9 zinc 
finger domain to a specific DNA sequence. In the context of chromatin marked by H3K4Me2, PRDM9 
then induces H3K4Me3 at adjacent nucleosomes. H2B ubiquitination at K123 may or may not be 
required, depending on the similarities between the modifications mediated by PRDM9 and by 
methyltransferases that are part of the Compass complex which is active at transcription 
promoters [118]. Additional proteins may then be recruited through binding affinity for H3K4Me3 
and/or PRDM9. Particularly, PRDM9 contains a KRAB motif known to be involved in protein-protein 
interactions. These modifications eventually allow the recruitment of SPOll (Figure 10). 

4.8. Evolutionary Conservation of the Mechanism of Hotspot Specification 

It is interesting to compare the features of mammalian hotspots to the chromatin accessibility and 
the several chromatin modifications that regulate DSB activity in S. cerevisae (see [119]). In 
S. cerevisiae, most DSBs are located in promoter regions [18,120] at sites that are enriched in 
H3K4Me3 independently of the expression levels of adjacent genes [121]. H3K4Me3 is brought about 
by a unique methyl transferase, Setl, which is recruited by RNApolII. In setlA strains, DSB activity is 
strongly reduced and DSBs mostly occur at new sites in the genome that have very low levels of 
H3K4Me3 in wild type cells [121,122]. However, it is not clear whether H3K4me3 enrichment at 
hotspots is an evolutionarily conserved feature as it is not detected at the well characterized hotspot 
ade6-M26 in S. pombe [123]. In this species, the ade6-M26 hotspot is a binding site for the 
transcription factor Atfl-Pcrl, which can recruit chromatin remodelers and modifiers [124-126]. Other 
DNA motifs, which are binding sites for transcription factors, have been shown to stimulate 
recombination activity in the S. pombe genome, suggesting that one or several families of transcription 
factors could specify initiation sites of meiotic recombination [127,128]. 
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Figure 10. Hotspot specification by PRDM9: PRDM9 binds to a target sequence through 
its zinc finger domain and brings about H3K4Me3 at adjacent nucleosomes. Additional 
modifications and proteins recruitment may follow either by interaction with H3K4Me3 
and/or with PRDM9, allowing the recruitment of the SPOl 1 complex and DSB formation. 
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4.9. Evolution of Initiation Sites in Mammals 

A unique feature of the PrJm9-dependent mechanism of hotspot specification in mammals is 
represented by the evolutionary implications that may apply to vertebrates both at the level of hotspot 
DNA sequences and Prdm9 gene. One surprising characteristic of hotspots in primates is their poor 
evolutionary conservation as shown by human/chimpanzees comparisons of LD-based 
hotspots [129,130]. Myers et al. [110] reported that, in chimpanzees, the presence of the 13-mer motif 
in a repeat background, which is mostly associated with hotspot activity in humans, is not correlated 
with increased recombination rates. Furthermore, the 13-mer motif goes through a very different 
evolution in humans and chimpanzees as it is lost at a much higher rate in humans, specifically in the 
THE1 repeat background. This is an expected property for a DNA motif that stimulates DSB formation 
in its close proximity in cis: Due to the mechanism of DSB repair, the initiating chromatid is the 
recipient of genetic information and DNA motifs that enhance hotspot activity should thus be replaced 
by less active alleles during DSB repair. This is known as the hotspot paradox and over generations it 
should lead to loss of hotspot activity. Reciprocally, the stability of the 13-mer motif in chimpanzees is 
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explained by the fact that the predicted DNA binding specificity of the chimpanzees PRDM9 does not 
match the 13-mer motif due to several differences at critical residues of many zinc fingers [110]. 
Whether, the predicted chimpanzees PRDM9 binding motif is enriched at chimpanzees hotspots has 
not yet been determined. 

This analysis highlights how a few changes in PDRM9 can have large consequences on the global 
CO distribution. Amazingly, PDRM9 zinc fingers are located in a single exon, have highly similar 
DNA sequences, and thus constitute a mini- satellite that is highly prone to copy number variations 
(duplications, deletions) and gene conversion by replication slippage and/or recombination. These 
features provide a potential answer as to how, despite the hotspot paradox, high recombination activity 
can be maintained through selection for PRDM9 variants with distinct DNA binding specificity. What 
selective forces act on Prdm9 and, in particular, how a progressive decrease of PRDM9 binding sites 
would affect recombination activity and how this could affect fitness, is yet unclear. In any case, the 
phylogenic analysis of Prdm9 among vertebrates has shown that PRDM9 zinc finger repeats are 
undergoing concerted evolution and that Prdm9 is under strong positive selection [131,132]. 

5. Conclusions 

SPO 11 -dependent meiotic DSBs play an essential role in meiosis by initiating the process that leads 
to CO formation and thus ensuring the proper segregation of chromosomes at meiosis I. However, the 
number of DSBs largely exceeds the number of COs in mammals, with an average of 10-20 times 
more DSBs than COs [11]. Molecular analysis at several hotspots both in humans and mice indicates 
that at least a fraction of the DSBs that do not give rise to COs are repaired on the homolog and 
generate NCOs [79-84,90]. One potential role for DSBs may be to promote homology search and 
pairing between homologs. Interestingly, in C. elegans and D. melanogaster, where homologs can pair 
independently from recombination through alternative pathways, the total number of DSBs is about 
12 [133] and 20-24 respectively [134], thus much lower than the several hundred DSBs observed in 
mammals. This also implies that mammals must therefore deal with a major threat to genome integrity 
during meiosis. Although the meiotic nucleus and chromosomes are organized in such a way as to 
appropriately repair these DSBs, rare unscheduled events may occur. In particular, DSBs can be 
repaired by interaction with a non-allelic sequence, leading to deletion or duplication in the case of 
interaction with an intra-chromosomal sequence, or to translocation in the case of inter-chromosomal 
sequences [135]. Some disorders, due to such genome rearrangements [136], do occur during 
meiosis [137]. More importantly, PRDM9 binding sites have been identified near regions involved in 
these rearrangements, and the Prdm9 genotype influences the occurrence of these events [113]. 

Recent progress in the understanding of the mechanism of initiation of meiotic recombination in 
mammals opens many new questions and hypotheses that are expected to provide important clues 
about this phenomenon, and also on how its deregulation could contribute to genomic disorders and 
sterility. The molecular mechanisms of DSB formation is likely to involve complex interactions 
between catalytic activities and proteins that play structural roles to coordinate DNA and chromosome 
events, in order to establish a regulation that could sense a DNA event and operate at the level of the 
chromosome. These features have been described in other organisms with the role of components of 
chromosome axis for DSB formation, such as Hopl in S. cerevisiae [4] and Condensins in 
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C. elegans [133]. In addition, initiation sites are expected to involve a sophisticated combination of 
epigenetic marks of which most components are waiting to be discovered. 

Acknowledgements 

We thank all members of the laboratory for discussions and F. Baudat, J. Buard and C. Grey for 
comments on the manuscript. Research in B. de M. lab is funded by Centre National de la Recherche 
Scientifique (CNRS) and the Agence Nationale de la Recherche (ANR-09-BLAN-0269-01). 
R.K. postdoctoral fellowship has been funded from grants of the Agence Nationale de la Recherche 
(ANR-06-BLAN-0 160-01 and ANR-09-BLAN-0269-01) and Electricite de France (EDF). 

References 

1. Petronczki, M.; Siomos, M.F.; Nasmyth, K. Un Menage a Quatre. The Molecular Biology of 
Chromosome Segregation in Meiosis. Cell 2003, 112, 423-440. 

2. Hassold, T.; Hall, H.; Hunt, P. The origin of human aneuploidy: Where we have been, where we 
are going. Hum. Mol. Genet. 2007, 16, R203-R208. 

3. Cromie, G.; Smith, G.R. Meiotic Recombination in Schizosaccharomyces pombe: A Paradigm 
for Genetic and Molecular Analysis. Genome Dyn. Stab. 2008, 3, 195. 

4. Hunter, N. Meiotic recombination. In Molecular Genetics of Recombination; Aguilera, A., 
Rothstein, R., Eds.; Springer- Verlag: Berlin Heidelberg, Germany, 2007; pp. 381-442. 

5. Handel, M.A.; Schimenti, J.C. Genetics of mammalian meiosis: regulation, dynamics and impact 
on fertility. Nat. Rev. Genet. 2010, 11, 124-136. 

6. Bergerat, A.; de Massy, B.; Gadelle, D.; Varoutas, P.C.; Nicolas, A.; Forterre, P. An atypical 
topoisomerase II from Archaea with implications for meiotic recombination [see comments]. 
Nature 1997, 386, 414-417. 

7. Keeney, S.; Giroux, C.N.; Kleckner, N. Meiosis-specific DNA double-strand breaks are 
catalyzed by Spoil, a member of a widely conserved protein family. Cell 1997, 88, 375-384. 

8. Neale, M.J.; Pan, J.; Keeney, S. Endonucleolytic processing of covalent protein-linked DNA 
double-strand breaks. Nature 2005, 436, 1053-1057. 

9. Bishop, D.K.; Park, D.; Xu, L.; Kleckner, N. DMC1: A meiosis-specific yeast homolog of E. coli 
recA required for recombination, synaptonemal complex formation, and cell cycle progression. 
Cell 1992, 69, 439^56. 

10. Shinohara, A.; Ogawa, H.; Ogawa, T. Rad51 protein involved in repair and recombination in 
S. cerevisiae is a RecA-like protein. Cell 1992, 69, 457-470. 

11. Baudat, F.; de Massy, B. Regulating double- stranded DNA break repair towards crossover or 
non-crossover during mammalian meiosis. Chromosome Res. 2007, 15, 565-577. 

12. Lynn, A.; Soucek, R.; Borner, G.V. ZMM proteins during meiosis: Crossover artists at work. 
Chromosome Res. 2007, 15, 591-605. 

13. Bowles, J.; Koopman, P. Retinoic acid, meiosis and germ cell fate in mammals. Development 
2007, 134, 3401-3411. 

14. Lichten, M. Meiotic recombination: Breaking the genome to save it. Curr. Biol. 2001, 11, 
R253-R256. 



Genes 2010, 1 



542 



15. Sun, H.; Treco, D.; Schultes, N.P.; Szostak, J.W. Double-strand breaks at an initiation site for 
meiotic gene conversion. Nature 1989, 338, 87-90. 

16. Buhler, C; Borde, V.; Lichten, M. Mapping Meiotic Single-Strand DNA Reveals a New 
Landscape of DNA Double-Strand Breaks in Saccharomyces cerevisiae. PLoS Biol. 2007, 
5, e324. 

17. Cromie, G.A.; Hyppa, R.W.; Cam, H.P.; Farah, J.A.; Grewal, S.I.; Smith, G.R. A Discrete Class 
of Intergenic DNA Dictates Meiotic DNA Break Hotspots in Fission Yeast. PLoS Genet. 2007, 
3,el41. 

18. Gerton, J.L.; DeRisi, J.; Shroff, R.; Lichten, M.; Brown, P.O.; Petes, T.D. Inaugural article: 
Global mapping of meiotic recombination hotspots and coldspots in the yeast Saccharomyces 
cerevisiae. Proc. Natl. Acad. Sci. USA 2000, 97, 11383-11390. 

19. Qin, J.; Richardson, L.L.; Jasin, M.; Handel, M.A.; Arnheim, N. Mouse Strains with an Active 
H2-Ea Meiotic Recombination Hot Spot Exhibit Increased Levels of H2-Ea-Specific DNA 
Breaks in Testicular Germ Cells. Mol. Cell Biol. 2004, 24, 1655-1666. 

20. Zenvirth, D.; Richler, C; Bardhan, A.; Baudat, F.; Barzilai, A.; Wahrman, J.; Simchen, G. 
Mammalian meiosis involves DNA double-strand breaks with 3' overhangs. Chromosoma 2003, 
777, 369-376. 

21. Fernandez-Capetillo, O.; Lee, A.; Nussenzweig, M.; Nussenzweig, A. H2AX: the histone 
guardian of the genome. DNA Repair 2004, 3, 959-967. 

22. Mahadevaiah, S.K.; Turner, J.M.; Baudat, F.; Rogakou, E.P.; de Boer, P.; Bianco-Rodriguez, J.; 
Jasin, M.; Keeney, S.; Bonner, W.M.; Burgoyne, P.S. Recombinational DNA double-strand 
breaks in mice precede synapsis. Nat. Genet. 2001, 27, 271-276. 

23. Malik, S.B.; Ramesh, M.A.; Hulstrand, A.M.; Logsdon, J.M., Jr. Protist homologs of the meiotic 
Spoil gene and topoisomerase VI reveal an evolutionary history of gene duplication and 
lineage-specific loss. Mol. Biol. Evol. 2007, 24, 2827-2841. 

24. Forterre, P.; Gribaldo, S.; Gadelle, D.; Serre, M.C. Origin and evolution of DNA topoisomerases. 
Biochimie 2007, 89, 427-446. 

25. Corbett, K.D.; Benedetti, P.; Berger, J.M. Holoenzyme assembly and ATP-mediated 
conformational dynamics of topoisomerase VI. Nat. Struct. Mol. Biol. 2007, 14, 611-619. 

26. Corbett, K.D.; Berger, J.M. Structure of the topoisomerase VI-B subunit: implications for type II 
topoisomerase mechanism and evolution. EMBO J. 2003, 22, 151-163. 

27. Graille, M.; Cladiere, L.; Durand, D.; Lecointe, F.; Gadelle, D.; Quevillon-Cheruel, S.; 
Vachette, P.; Forterre, P.; van Tilbeurgh, H. Crystal Structure of an Intact Type II DNA 
Topoisomerase: Insights into DNA Transfer Mechanisms. Structure 2008, 16, 360-370. 

28. Nichols, M.D.; DeAngelis, K.; Keck, J.L.; Berger, J.M. Structure and function of an archaeal 
topoisomerase VI subunit with homology to the meiotic recombination factor Spoil. EMBO J. 
1999, 18, 6177-6188. 

29. Keeney, S. Spoil and the formation of DNA double-strand breaks in meiosis. In Genome 
Dynamics and Stability; Springer- Verlag: Berlin Heidelberg, Germany, 2008; Volume 2, 
pp. 81-124. 



Genes 2010, 1 



543 



30. Keeney, S.; Baudat, F.; Angeles, M.; Zhou, Z.H.; Copeland, N.G.; Jenkins, N.A.; Manova, K.; 
Jasin, M. A mouse homolog of the Saccharomyces cerevisiae meiotic recombination DNA 
transesterase Spoil p. Genomics 1999, 61, 170-182. 

31. Metzler-Guillemain, C; de Massy, B. Identification and characterization of an SPOll homolog 
in the mouse. Chromosoma 2000, 109, 133-138. 

32. Romanienko, P.J.; CameriniOtero, R.D. Cloning, characterization, and localization of mouse and 
human SPOll. Genomics 1999, 61, 156-169. 

33. Shannon, M.; Richardson, L.; Christian, A.; Handel, M.A.; Thelen, M.P. Differential gene 
expression of mammalian SP011/TOP6A homologs during meiosis. FEBS Lett. 1999, 462, 
329-334. 

34. Klein, U.; Esposito, G.; Baudat, F.; Keeney, S.; Jasin, M. Mice deficient for the type II 
topoisomerase-like DNA transesterase Spoil show normal immunoglobulin somatic 
hypermutation and class switching. Eur. J. Immunol. 2002, 32, 316-321. 

35. Simpson, A.J.; Caballero, O.L.; Jungbluth, A.; Chen, Y.T.; Old, L.J. Cancer/testis antigens, 
gametogenesis and cancer. Nat. Rev. Cancer 2005, 5, 615-625. 

36. Romanienko, P.J.; Camerini-Otero, R.D. The mouse spoil gene is required for meiotic 
chromosome synapsis. Mol. Cell 2000, 6, 975-987. 

37. Kumar, R.; de Massy, B. Institute of Human Genetics, Montpellier, France. Unpublished work. 

38. Bellani, M.A.; Boateng, K.A.; McLeod, D.; Camerini-Otero, R.D. The expression profile of the 
major mouse SPOll isoforms indicates that SPOllbeta introduces double strand breaks and 
suggests that SPOllalpha has an additional role in prophase in both spermatocytes and oocytes. 
Mol. Cell Biol. 2010, 30, 4391-4403. 

39. Baudat, F.; Manova, K; Yuen, J.P.; Jasin, M.; Keeney, S. Chromosome synapsis defects and 
sexually dimorphic meiotic progression in mice lacking spol 1. Mol. Cell 2000, 6, 989-998. 

40. Barchi, M.; Mahadevaiah, S.; Di Giacomo, M.; Baudat, F.; de Rooij, D.G.; Burgoyne, P.S.; 
Jasin, M.; Keeney, S. Surveillance of different recombination defects in mouse spermatocytes 
yields distinct responses despite elimination at an identical developmental stage. Mol. Cell Biol. 
2005, 25, 7203-7215. 

41. Di Giacomo, M.; Barchi, M.; Baudat, F.; Edelmann, W.; Keeney, S.; Jasin, M. Distinct 
DNA-damage-dependent and -independent responses drive the loss of oocytes in 
recombination-defective mouse mutants. Proc. Natl. Acad. Sci. USA 2005, 102, 737-742. 

42. Chicheportiche, A.; Bernardino-Sgherri, J.; de Massy, B.; Dutrillaux, B. Characterization of 
Spoil -dependent and independent phospho-H2AX foci during meiotic prophase I in the male 
mouse. J. Cell Sci. 2007, 120, 1733-1742. 

43. Burgoyne, P.S.; Mahadevaiah, S.K.; Turner, J.M. The consequences of asynapsis for mammalian 
meiosis. Nat. Rev. Genet. 2009, 10, 207-216. 

44. Guillon, H.; Baudat, F.; Grey, C; Liskay, R.M.; de Massy, B. Crossover and Noncrossover 
Pathways in Mouse Meiosis. Mol. Cell 2005, 20, 563-573. 

45. Drabent, B.; Bode, C; Bramlage, B.; Doenecke, D. Expression of the mouse testicular histone 
gene Hit during spermatogenesis. Histochem. Cell Biol. 1996, 106, 247-251. 



Genes 2010, 1 



544 



46. Calenda, A.; Allenet, B.; Escalier, D.; Bach, J.F.; Garchon, H.J. The meiosis-specific Xmr gene 
product is homologous to the lymphocyte Xlr protein and is a component of the XY body. 
EMBO J. 1994, 13, 100-109. 

47. Liebe, B.; Petukhova, G.; Barchi, M.; Bellani, M.; Braselmann, H.; Nakano, T.; Pandita, T.K.; 
Jasin, M.; Fornace, A.; Meistrich, M.L.; Baarends, W.M.; Schimenti, J.; de Lange, T.; Keeney, S.; 
Camerini-Otero, R.D.; Scherthan, H. Mutations that affect meiosis in male mice influence the 
dynamics of the mid-preleptotene and bouquet stages. Exp. Cell Res. 2006, 312, 3768-3781. 

48. de Massy, B.; te Riele, H. Institute of Human Genetics, Montpellier, France and The Netherlands 
Cancer Institute, Amsterdam, Netherlands. Unpublished work. 

49. Bellani, M.A.; Romanienko, P.J.; Cairatti, DA.; Camerini-Otero, R.D. SPOll is required for 
sex-body formation, and Spoil heterozygosity rescues the prophase arrest of Atm~ h 
spermatocytes. J. Cell Sci. 2005, 118, 3233-3245. 

50. Barchi, M.; Roig, I.; Di Giacomo, M.; de Rooij, D.G.; Keeney, S.; Jasin, M. ATM promotes the 
obligate XY crossover and both crossover control and chromosome axis integrity on autosomes. 
PLoS Genet. 2008, 4, el000076. 

51. Malone, R.E.; Bullard, S.; Hermiston, M.; Rieger, R.; Cool, M.; Galbraith, A. Isolation of 
mutants defective in early steps of meiotic recombination in the yeast Saccharomyces cerevisiae. 
Genetics 1991, 128, 79-88. 

52. Menees, T.M.; Roeder, S.G. MEM, a yeast gene required for meiotic recombination. Genetics 
1989, 123, 675-682. 

53. Li, J.; Hooker, G.W.; Roeder, G.S. Saccharomyces cerevisiae Mer2, Mei4 and Recll4 form a 
complex required for meiotic double-strand break formation. Genetics 2006, 173, 1969-1981. 

54. Maleki, S.; Neale, M.J.; Arora, C; Henderson, K.A.; Keeney, S. Interactions between Mei4, 
Reel 14, and other proteins required for meiotic DNA double-strand break formation in 
Saccharomyces cerevisiae. Chromosoma 2007, 116, 471-486. 

55. Molnar, M.; Parisi, S.; Kakihara, Y.; Nojima, H.; Yamamoto, A.; Hiraoka, Y.; Bozsik, A.; 
Sipiczki, M.; Kohli, J. Characterization of rec7, an early meiotic recombination gene in 
Schizosaccharomyces pombe. Genetics 2001, 157, 519-532. 

56. Kumar, R.; Bourbon, H.M.; de Massy, B. Functional conservation of Mei4 for meiotic DNA 
double-strand break formation from yeasts to mice. Genes Dev. 2010, 24, 1266-1280. 

57. Kumar, R. Institute of Human Genetics, Montpellier, France. Unpublished work, 2010. 

58. Cartwright, P.; Muller, H.; Wagener, C; Holm, K; Helin, K. E2F-6: A novel member of the E2F 
family is an inhibitor of E2F-dependent transcription. Oncogene 1998, 17, 611-623. 

59. Kehoe, S.M.; Oka, M.; Hankowski, K.E.; Reichert, N.; Garcia, S.; McCarrey, J.R.; Gaubatz, S.; 
Terada, N. A Conserved E2F6-Binding Element in Murine Meiosis-Specific Gene Promoters. 
Biol. Reprod. 2008, 79, 921-930. 

60. Moens, P.B.; Kolas, N.K.; Tarsounas, M.; Marcon, E.; Cohen, P.E.; Spyropoulos, B. The time 
course and chromosomal localization of recombination-related proteins at meiosis in the mouse 
are compatible with models that can resolve the early DNA-DNA interactions without reciprocal 
recombination. J. Cell Sci. 2002, 115, 1611-1622. 



Genes 2010, 1 



545 



61. Munroe, R.J.; Bergstrom, R.A.; Zheng, Q.Y.; Libby, B.; Smith, R.; John, S.W.; Schimenti, K.J.; 
Browning, V.L.; Schimenti, J.C. Mouse mutants from chemically mutagenized embryonic stem 
cells. Nat. Genet. 2000, 24, 318-321. 

62. Libby, B.J.; de La Fuente, R.; O'Brien, M.J.; Wigglesworth, K.; Cobb, J.; Inselman, A.; 
Eaker, S.; Handel, M.A.; Eppig, J.J.; Schimenti, J.C. The Mouse Meiotic Mutation meil Disrupts 
Chromosome Synapsis with Sexually Dimorphic Consequences for Meiotic Progression. Dev. 
Biol. 2002, 242, 174-187. 

63. Libby, B.J.; Reinholdt, L.G.; Schimenti, J.C. Positional cloning and characterization of Meil, a 
vertebrate- specific gene required for normal meiotic chromosome synapsis in mice. Proc. Natl. 
Acad. Sci. USA 2003, 100, 15706-15711. 

64. Sato, H. Miyamoto, T.; Yogev, L.; Namiki, M.; Koh, E.; Hayashi, H.; Sasaki, Y.; Ishikawa, M.; 
Lamb, D.J.; Matsumoto, N.; Birk, O.S.; Niikawa, N.; Sengoku, K. Polymorphic alleles of the 
human MEI1 gene are associated with human azoospermia by meiotic arrest. J. Hum. Genet. 
2006, 51, 533-540. 

65. de Muyt, A.; Vezon, D.; Gendrot, G.; Gallois, J.L.; Stevens, R.; Grelon, M. AtPRDl is required 
for meiotic double strand break formation in Arabidopsis thaliana. EMBO J. 2007, 26, 
4126-4137. 

66. Arora, C; Kee, K.; Maleki, S.; Keeney, S. Antiviral protein ski8 is a direct partner of spoil in 
meiotic DNA break formation, independent of its cytoplasmic role in RNA metabolism. Mol. 
Cell 2004, 13, 549-559. 

67. Tesse, S.; Storlazzi, A.; Kleckner, N.; Gargano, S.; Zickler, D. Localization and roles of Ski8p 
protein in Sordaria meiosis and delineation of three mechanistically distinct steps of meiotic 
homolog juxtaposition. Proc. Natl. Acad. Sci. USA 2003, 100, 12865-12870. 

68. Evans, D.H.; Li, Y.F.; Fox, M.E.; Smith, G.R. A WD repeat protein, recl4, essential for meiotic 
recombination in Schizosaccharomyces pombe. Genetics 1997, 146, 1253-1264. 

69. Jolivet, S.; Vezon, D.; Froger, N.; Mercier, R. Non conservation of the meiotic function of the 
Ski8/Recl03 homolog in Arabidopsis. Genes Cells 2006, 11, 615-622. 

70. Goedecke, W.; Eijpe, M.; Offenberg, H.H.; van Aalderen, M.; Heyting, C. Mrell and Ku70 
interact in somatic cells, but are differentially expressed in early meiosis. Nat. Genet. 1999, 23, 
194-198. 

71. Vissinga, C.S.; Yeo, T.C.; Warren, S.; Brawley, J.V.; Phillips, J.; Cerosaletti, K.; Concannon, P. 
Nuclear export of NBN is required for normal cellular responses to radiation. Mol. Cell Biol. 
2009, 29, 1000-1006. 

72. Eijpe, M.; Offenberg, H.; Goedecke, W.; Heyting, C. Localisation of RAD50 and MRE11 in 
spermatocyte nuclei of mouse and rat. Chromosoma 2000, 109, 123-132. 

73. Stracker, T.H.; Theunissen, J.W.; Morales, M.; Petrini, J.H. The Mrell complex and the 
metabolism of chromosome breaks: the importance of communicating and holding things 
together. DNA Repair 2004, 3, 845-854. 

74. Borde, V. The multiple roles of the Mrell complex for meiotic recombination. Chromosome Res. 
2007, 15, 551-563. 



Genes 2010, 1 



546 



75. Cherry, S.M.; Adelman, C.A.; Theunissen, J.W.; Hassold, T.J.; Hunt, P.A.; Petrini, J.H. The 
mrell complex influences DNA repair, synapsis, and crossing over in murine meiosis. Curr. 
Biol. 2007, 77,373-378. 

76. Arnheim, N.; Calabrese, P.; Tiemann-Boege, I. Mammalian meiotic recombination hot spots. 
Annu Rev. Genet. 2007, 41, 369-399. 

77. Buard, J.; de Massy, B. Playing hide and seek with mammalian meiotic crossover hotspots. 
Trends Genet. 2007, 23, 301-309. 

78. Paigen, K.; Petkov, P. Mammalian recombination hot spots: properties, control and evolution. 
Nat. Rev. Genet. 2010, 11, 221-233. 

79. Holloway, K.; Lawson, V.E.; Jeffreys, A.J. Allelic recombination and de novo deletions in sperm 
in the human {beta}-globin gene region. Hum. Mol. Genet. 2006, 15, 1099-1111. 

80. Jeffreys, A.J.; May, C.A. Intense and highly localized gene conversion activity in human meiotic 
crossover hot spots. Nat. Genet. 2004, 36, 151-156. 

81. Jeffreys, A.J.; Neumann, R. Factors influencing recombination frequency and distribution in a 
human meiotic crossover hotspot. Hum. Mol. Genet. 2005, 14, 2277-2287 '. 

82. Baudat, F.; de Massy, B. cis- and Jrans-Acting Elements Regulate the Mouse Psmb9 Meiotic 
Recombination Hotspot. PLoS Genet. 2007, 3, elOO. 

83. Guillon, H.; de Massy, B. An initiation site for meiotic crossing-over and gene conversion in the 
mouse. Nat. Genet. 2002, 32, 296-299. 

84. Paigen, K.; Szatkiewicz, J. P.; Sawyer, K.; Leahy, N.; Parvanov, E.D.; Ng, S.H.; Graber, J.H.; 
Broman, K.W.; Petkov, P.M. The recombinational anatomy of a mouse chromosome. PLoS 
Genet. 2008, 4,el000119. 

85. Jeffreys, A.J.; Neumann, R. Reciprocal crossover asymmetry and meiotic drive in a human 
recombination hot spot. Nat. Genet. 2002, 31, 267-271. 

86. Neumann, R.; Jeffreys, A.J. Polymorphism in the activity of human crossover hotspots 
independent of local DNA sequence variation. Hum. Mol. Genet. 2006, 15, 1401-1411. 

87. Bois, P.R. A Highly Polymorphic Meiotic Recombination Mouse Hotspot Exhibits Incomplete 
Repair. Mol. Cell Biol. 2007, 27, 7053-7062. 

88. Wu, Z.K.; Getun, I.V.; Bois, P.R. Anatomy of mouse recombination hot spots. Nucleic Acids Res. 
2010, 38, 2346-2354. 

89. Yauk, C.L.; Bois, P.R.; Jeffreys, A.J. High-resolution sperm typing of meiotic recombination in 
the mouse MHC E(beta) gene. EMBO J. 2003, 22, 1389-1397. 

90. Cole, F.; Keeney, S.; Jasin, M. Comprehensive, fine-scale dissection of homologous 
recombination outcomes at a hot spot in mouse meiosis. Mol. Cell 2010, 39, 700-710. 

91. Baudat, F. Institute of Human Genetics, Montpellier, France. Personal communication, 2010. 

92. Coop, G.; Przeworski, M. An evolutionary view of human recombination. Nat. Rev. Genet. 2007, 
8, 23-34. 

93. McVean, G.A.; Myers, S.R.; Hunt, S.; Deloukas, P.; Bentley, D.R.; Donnelly, P. The fine-scale 
structure of recombination rate variation in the human genome. Science 2004, 304, 581-584. 

94. Myers, S.; Bottolo, L.; Freeman, C; McVean, G.; Donnelly, P. A fine-scale map of 
recombination rates and hotspots across the human genome. Science 2005, 310, 321-324. 



Genes 2010, 1 



547 



95. Myers, S.; Freeman, C; Auton, A.; Donnelly, P.; McVean, G. A common sequence motif 
associated with recombination hot spots and genome instability in humans. Nat. Genet. 2008, 40, 
1124-1129. 

96. Frazer, K.A. Ballinger, D.G.; Cox, D.R.; Hinds, DA.; Stuve, L.L.; Gibbs, R.A.; Belmont, J.W.; 
Boudreau, A.; Hardenbol, P.; Leal, S.M.; et al. A second generation human haplotype map of 
over 3.1 million SNPs. Nature 2007, 449, 851-861. 

97. Coop, G.; Wen, X.; Ober, C; Pritchard, J.K.; Przeworski, M. High-Resolution Mapping of 
Crossovers Reveals Extensive Variation in Fine-Scale Recombination Patterns Among Humans. 
Science 2008, 319, 1395-1398. 

98. Myers, S.; Spencer, C.C.; Auton, A.; Bottolo, L.; Freeman, C; Donnelly, P.; McVean, G. The 
distribution and causes of meiotic recombination in the human genome. Biochem. Soc. Trans. 
2006, 34, 526-530. 

99. Buard, J.; Barthes, P.; Grey, C; de Massy, B. Distinct histone modifications define initiation and 
repair of meiotic recombination in the mouse. EMBO J. 2009, 28, 2616-2624. 

100. Parvanov, E.D.; Ng, S.H.; Petkov, P.M.; Paigen, K. Trans-regulation of mouse meiotic 
recombination hotspots by Rcrl. PLoS Biol. 2009, 7, e36. 

101. Shiroishi, T.; Sagai, T.; Hanzawa, N.; Gotoh, H.; Moriwaki, K. Genetic control of sex-dependent 
meiotic recombination in the major histocompatibility complex of the mouse. EMBO J. 1991, 
10, 681-686. 

102. Barthes, P. Institute of Human Genetics, Montpellier, France. Personal communication, 2010. 

103. Mizuno, K.; Koide, T.; Sagai, T.; Moriwaki, K.; Shiroishi, T. Molecular analysis of a 
recombinational hotspot adjacent to Lmp2 gene in the mouse MHC: fine location and chromatin 
structure. Mamm. Genome 1996, 7, 490-496. 

104. Getun, I.V.; Wu, Z.K.; Khalil, A.M.; Bois, P.R. Nucleosome occupancy landscape and dynamics 
at mouse recombination hotspots. EMBO Rep. 2010, 11, 555-560. 

105. Baudat, F.; Buard, J.; Grey, C; Fledel-Alon, A.; Ober, C; Przeworski, M.; Coop, G.; 
de Massy, B. PRDM9 is a major determinant of meiotic recombination hotspots in humans and 
mice. Science 2010, 327, 836-840. 

106. Tiemann-Boege, I.; Calabrese, P.; Cochran, D.M.; Sokol, R.; Arnheim, N. High-Resolution 
Recombination Patterns in a Region of Human Chromosome 21 Measured by Sperm Typing. 
PLoS Genet. 2006, 2, e70. 

107. Cullen, M.; Perfetto, S.P.; Klitz, W.; Nelson, G.; Carrington, M. High-Resolution Patterns of 
Meiotic Recombination across the Human Major Histocompatibility Complex. Am. J. Hum. 
Genet. 2002, 71, 759-776. 

108. Grey, C; Baudat, F.; de Massy, B. Genome-Wide Control of the Distribution of Meiotic 
Recombination. PLoS Biol. 2009, 7, e35. 

109. Hayashi, K.; Yoshida, K.; Matsui, Y. A histone H3 methyltransferase controls epigenetic events 
required for meiotic prophase. Nature 2005, 438, 374-378. 

110. Myers, S.; Bowden, R.; Tumian, A.; Bontrop, R.E.; Freeman, C; MacFie, T.S.; McVean, G.; 
Donnelly, P. Drive against hotspot motifs in primates implicates the PRDM9 gene in meiotic 
recombination. Science 2010, 327, 876-879. 



Genes 2010, 1 



548 



111. Parvanov, E.D.; Petkov, P.M.; Paigen, K. Prdm9 controls activation of mammalian 
recombination hotspots. Science 2010, 327, 835. 

112. Fu, F.; Sander, J.D.; Maeder, M.; Thibodeau-Beganny, S.; Joung, J.K.; Dobbs, D.; Miller, L.; 
Voytas, D.F. Zinc Finger Database (ZiFDB): A repository for information on C2H2 zinc fingers 
and engineered zinc-finger arrays. Nucleic Acids Res. 2009, 37, D279-D283. 

113. Berg, I.L.; Neumann, R.; Lam, K.W.; Sarbajna, S.; Odenthal-Hesse, L.; May, C.A.; Jeffreys, A.J. 
PRDM9 variation strongly influences recombination hot-spot activity and meiotic instability in 
humans. Nat. Genet. 2010, 42, 859-863. 

114. Segal, D.J.; Beerly, R.R.; Blancafort, P.; Dreier, B.; Effertz, K.; Huber, A.; Koksch, B.; 
Lund, C.V.; Magnenat, L.; Valente, D.; et al. Evaluation of a modular strategy for the 
construction of novel poly dactyl zinc finger DNA-binding proteins. Biochemistry 2003, 42, 
2137-2148. 

115. Urnov, F.D.; Rebar, E.J.; Holmes, M.C.; Zhang, H.S.; Gregory, P.D. Genome editing with 
engineered zinc finger nucleases. Nat. Rev. Genet. 2010, 11, 636-646. 

116. Ramirez, C.L.; Foley, J.E.; Wright, DA.; Muller-Lerch, F.; Rahman, S.H.; Cornu, T.I.; 
Winfrey, R.J.; Sander, J.D.; Fu, F.L.; Townsend, J.A.; et al. Unexpected failure rates for modular 
assembly of engineered zinc fingers. Nat. Methods 2008, 5, 374-375. 

117. Hayashi, K.; Matsui, Y. Meisetz, a novel histone tri-methyltransferase, regulates meiosis-specific 
epigenesis. Cell Cycle 2006, 5, 615-620. 

118. Ruthenburg, A.J.; Allis, C.D.; Wysocka, J. Methylation of lysine 4 on histone H3: Intricacy of 
writing and reading a single epigenetic mark. Mol. Cell 2007, 25, 15-30. 

119. Lichten, M. Meiotic chromatin: the substrate for recombination initiation. In Genome Dynamics 
and Stability; Springer- Verlag: Berlin Heidelberg, Germany, 2008; Volume 3. 

120. Baudat, F.; Nicolas, A. Clustering of meiotic double-strand breaks on yeast chromosome III. 
Proc. Natl. Acad. Set USA 1997, 94, 5213-5218. 

121. Borde, V.; Robine, N.; Lin, W.; Bonfils, S.; Geli, V.; Nicolas, A. Histone H3 lysine 4 
trimethylation marks meiotic recombination initiation sites. EMBO J. 2009, 28, 99-111. 

122. Sollier, J.; Lin, W.; Soustelle, C.; Suhre, K.; Nicolas, A.; Geli, V.; de La Roche Saint-Andre, C. 
Setl is required for meiotic S -phase onset, double- strand break formation and middle gene 
expression. EMBO J. 2004, 23, 1957-1967. 

123. Yamada, Y.; Ohta, K. University of Tokyo, Tokyo, Japan. Personal communication, 2010. 

124. Hirota, K.; Mizuno, K.; Shibata, T.; Ohta, K. Distinct chromatin modulators regulate the 
formation of accessible and repressive chromatin at the fission yeast recombination hotspot 
ade6-M26. Mol. Biol. Cell 2008, 19, 1162-1173. 

125. Hirota, K.; Steiner, W.W.; Shibata, T.; Ohta, K. Multiple modes of chromatin configuration at 
natural meiotic recombination hot spots in fission yeast. Eukaryot. Cell 2007, 6, 2072-2080. 

126. Yamada, T.; Mizuno, K.I.; Hirota, K.; Kon, N.; Wahls, W.P.; Hartsuiker, E.; Murofushi, H.; 
Shibata, T.; Ohta, K. Roles of histone acetylation and chromatin remodeling factor in a meiotic 
recombination hotspot. EMBO J. 2004, 23, 1792-1803. 

127. Steiner, W.W.; Steiner, E.M.; Girvin, A.R.; Plewik, L.E. Novel Nucleotide Sequence Motifs That 
Produce Hotspots of Meiotic Recombination in Schizosaccharomyces pombe. Genetics 2009, 
182, 459^169. 



Genes 2010, 1 



549 



128. Wahls, W.P.; Davidson, M.K. Discrete DNA sites regulate global distribution of meiotic 
recombination. Trends Genet. 2010, 26, 202-208. 

129. Ptak, S.E.; Hinds, D.A.; Koehler, K.; Nickel, B.; Patil, N.; Ballinger, D.G.; Przeworski, M.; 
Frazer, K.A.; Paabo, S. Fine-scale recombination patterns differ between chimpanzees and 
humans. Nat. Genet. 2005, 37, 429-434. 

130. Winckler, W. Myers, S.R.; Richter, D.J.; Onofrio, R.C.; McDonald, G.J.; Bontrop, R.E.; 
McVean, G.A.; Gabriel, S.B.; Reich, D.; Donnelly, P.; Altshuler, D. Comparison of fine-scale 
recombination rates in humans and chimpanzees. Science 2005, 308, 107-111. 

131. Oliver, P.L.; Goodstadt, L.; Bayes, J.J.; Birtle, Z.; Roach, K.C.; Phadnis, N.; Beatson, S.A.; 
Lunter, G.; Malik, H.S.; Ponting, CP. Accelerated Evolution of the Prdm9 Speciation Gene 
across Diverse Metazoan Taxa. PLoS Genet. 2009, 5, el000753. 

132. Thomas, J.H.; Emerson, R.O.; Shendure, J. Extraordinary molecular evolution in the PRDM9 
fertility gene. PLoS ONE 2009, 4, e8505. 

133. Mets, D.G.; Meyer, B.J. Condensins regulate meiotic DNA break distribution, thus crossover 
frequency, by controlling chromosome structure. Cell 2009, 139, 73-86. 

134. Mehrotra, S.; McKim, K.S. Temporal analysis of meiotic DNA double-strand break formation 
and repair in Drosophila females. PLoS Genet. 2006, 2, e200. 

135. Sasaki, M.; Lange, J.; Keeney, S. Genome destabilization by homologous recombination in the 
germ line. Nat. Rev. Mol. Cell Biol. 2010, 11, 182-195. 

136. Stankiewicz, P.; Lupski, J.R. Structural variation in the human genome and its role in disease. 
Annu Rev. Med. 2010, 61, 437-455. 

137. Turner, D.J.; Miretti, M.; Rajan, D.; Fiegler, H.; Carter, N.P.; Blayney, M.L.; Beck, S.; 
Hurles, M.E. Germline rates of de novo meiotic deletions and duplications causing several 
genomic disorders. Nat. Genet. 2008, 40, 90-95. 

© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



